Introduction
In recent years, many different lithographic approaches have been applied in order to fabricate micro and nano-structures which are successfully used for the formation of surfaces with special wetting properties [1, 2] . In fact, the modification of the surface roughness in the micron, sub-micron and nano-scale with or without chemical treatment, results in surfaces with controlled wetting properties exhibiting the extreme limits (e.g. superhydrophobic, superhydrophilic surfaces) [3] [4] [5] . In this work, we examine different approaches in order to achieve such patterned surfaces with tunable wetting characteristics. In particular, we fabricate microrough substrates by using different lithographic techniques. As an additional step, these substrates are coated with different types of sub-micrometer particles or nanoparticles (NPs) (organic or inorganic) in order to achieve the desired chemical modification and to induce submicron or nano-roughness to the surfaces. Specifically, the coatings consist of polytefluoroethylene (PTFE) sub-micrometer particles and iron oxide colloidal NPs and they are applied by using triboelectric (fricition induced) or spray deposition. Apart from their interesting wetting properties from the theoretical point of view, such type of surfaces can be used in various applications such as in biological scaffolds, microfluidics, lab-on-a-chip devices and aerospace vehicles [6] [7] [8] [9] .
The first part of this study refers to the use of the appropriate lithographic technique so as to obtain a controlled rough surface on soft polymeric or hard substrates. Common lithographic techniques that have been used successfully for this purpose are UV lithography, lasermicromachining, electron-beam lithography, soft-lithography, X-ray lithography, plasma etching etc [10] [11] [12] [13] [14] [15] [16] [17] . The main advantage of the lithographic techniques is the creation of welldefined patterned structures with controllable geometrical characteristics.
The second step is to induce additional sub-micron or nano-roughness and to chemically modify the patterned surfaces by adding layers of organic or inorganic particles. This provides an important aspect for tailoring the wetting characteristics of the surface since the chemistry is being modified together with the topography. In order to do this a thin coating layer can be deposited on top of the surface by different coating methods such as drop casting, chemical vapor deposition, spray coating, triboelectric deposition, etc.
Herein, we present two different methods for constructing surfaces with tunable wetting properties, both of them based on the concept of combining a lithographic technique to create an initial micro-rough surface and a deposition technique in order to add sub-micron or nano-rough features using particles with different chemical properties. In particular, the approaches are:
1. UV lithography with spray coating: At first, a pattern of equally sized square micro-pillars is fabricated by photopolymerizing an SU-8 photoresist and as a second step different types of particles are sprayed on top by using a spray coating setup. The particles are PTFE sub-micrometer particles and iron oxide NPs that are sprayed in successive coating layers.
The different size and chemistry of the particles are responsible for the tuning of the wetting characteristics of the substrates.
2.
Laser micromachining with triboelectric deposition: Silicon surfaces are micro-textured by laser ablation with a nanosecond pulsed UV laser and subsequently triboelectrically charged PTFE particles are deposited on them. Again the wetting properties are examined and they are compared with the micro-textured silicon carbide (SiC) surfaces which have been processed in a similar manner.
The morphology of the surfaces is characterized by means of atomic force microscopy (AFM) and scanning electron microscopy (SEM). In order to characterize the wetting properties, the apparent water contact angles (APCA) and the water contact angle hysteresis (CAH) are measured. The fabrication processes of the patterns are relatively quick and simple, making them good candidates for commercial production. Possible uses of such kind of materials can expand from self-cleaning surfaces, microfluidic devices and smart surfaces to biotechnological applications.
Combination of UV lithography and spray coating
Lithographic patterning using UV light is a very attractive technology due to the relatively low energy consumption, room temperature operation, rapid curing, spatial control and the ability to expose in a single step large surface areas [18] . For these reasons UV lithography is nowadays the most widespread used method for microfabrication.
The UV lithography technique involves various steps and it is suitable for processing materials that are called photoresists and absorb in the UV region of light. The common fabrication steps can be summarized as resist coating, pre-bake, mask alignment, exposure and development.
Initially the substrate has to be cleaned with different chemicals to avoid the presence of dust, lint, bacteria, water and oil. Then the photoresist is applied by spin-coating, forming a uniform layer on the substrate. Its thickness depends on the speed of the spinning. Subsequently, the photoresist is baked on a hot plate or in a convection oven in order to evaporate its solvent. After this, the sample is aligned with the UV light source by using a mask aligner and it is exposed through a photomask that contains the design of the pattern to be transferred. The role of the photomask is to allow the UV light to pass only from some specific regions and to block it from others. When the sample is exposed, the development stage takes place. In this stage, chemicals are applied to the surface causing a positive or a negative photoresist reaction. In the case of the negative reaction the molecules that were subjected to UV light are bonded strongly, causing the polymerization of the material. The use of appropriate chemicals will remove the non-polymerized sections. In the positive reaction, the sections of the photoresist that were exposed are chemically altered and decomposed and after chemically washing them, the non-exposed parts remain on the substrate. In some occasions, in the development stage, a post exposure bake is required before the use of the chemicals in order to complete the chemical reaction that started during the exposure of the photoresist.
Spray coating is a standard method to apply thin coatings on surfaces. A spray coating setup consists of a high-pressure airstream flow that is able to break a liquid into miniature aerosol droplets through a confined nozzle head. The liquid is the coating to be deposited on the substrate and it is stored on a glass vial that is connected with the nozzle head. The main advantage of the spray coating compared to other coating techniques, is that the sprayed solution dries immediately after its deposition on the target, preventing thus possible aggregations and coating inhomogeneities that can occur during the evaporation of the solvent as in other methods (e.g. drop casting). In this way, the sprayed coatings are uniform while the preparation time is reduced.
The combination of the UV photolithography with the spray coating technique can be a very efficient way to create surfaces with hierarchical roughness in the micro, sub-micron and nanoscale that are necessary in order to obtain surfaces with tunable wetting characteristics [4, 19] . Both techniques are fast and simple and are successfully used in the industry in the last decades.
Fabrication procedure and materials used
The material used as a polymeric substrate for the UV lithography, is the SU-8 3050 from Microchem, USA. SU-8 is a commercial biocompatible epoxy-based photoresist that is suitable for the microfabrication of high aspect-ratio hierarchical structures with smooth and vertical sidewalls, and it is used widely in the fabrication of MEMS devices, waveguides, microfluidic devices and stamps. It absorbs in the UV range of the spectrum with a maximum efficiency at 365 nm. When exposed to UV light, its molecular chains crosslink causing the polymerization of the material that becomes strong, stiff and chemically resistant. SU-8 has been also used for the fabrication of dual-scale rough structures. Such hierarchical structures produced with SU-8 have been coated with titanium dioxide, PTFE submicrometer particles and fluorocarbons in order to obtain surfaces with special wetting properties [19] [20] [21] .
To fabricate the SU-8 patterns initially we dispensed a small quantity of the SU-8 3050 onto a silicon wafer. Then the spin-coating of the SU-8 was accomplished in two subsequent steps: (a) at 500 rpm for 10 s with spinning acceleration of 100 rpm/s and (b) at 4.000 rpm for 30 s with spinning acceleration of 300 rpm/s. The samples were pre-baked at 100 °C for 20 min on a hotplate. The thickness of the film obtained was 33 μm. A sodalime mask of square-shaped patterns (42 μm side) from Deltamask, Netherlands, with inter-square distance of 28 μm, was used for the exposure of the spin-coated samples. Patterning was performed by exposing the spin-coated material to UV radiation with a Karl-Suss MA6 mask aligner in hard contact mode with an i-line mercury lamp. An exposure dose of 323 mJ was used to fully polymerize the 33-μm-thick SU-8 layer. The exposure was followed by a post-exposure bake on a hotplate at 65°C for 1 min and at 95 °C for 5 min, in order to achieve complete cross-linking of the resist. The samples were then allowed to cool down in order to improve the adhesion of SU-8 to the silicon wafer. Subsequently, the samples were washed for a couple of minutes with SU-8 developer followed by rinsing with 2-propanol. Following this process square SU-8 pillar structures of 33 μm height and 28 μm inter-pillar distance were obtained. In Figure 1 there is a schematic representation with the steps followed for the fabrication of the patterned surfaces. 
Updates in Advanced Lithography
In order to modify the surface chemistry and to induce different scales of roughness to the hierarchical SU-8 micro-patterns, the spray-coating technique was used. In particular, colloidal solutions of PTFE sub-micrometer particles and iron oxide NPs are used to form a first and a second coating layer respectively. Like this, sub-micron and nano-roughness is added on top of the SU-8 micro-patterns.
Regarding the preparation of the colloidal solutions, the PTFE powder, purchased from SigmaAldrich with an average particle diameter of ~ 150 nm, was dispersed in acetone (3% wt.) and sonicated for about 20 minutes in order to form a uniform and well-dispersed suspension. The nearly spherical colloidal iron oxide NPs (average diameter: 24±3 nm) are dispersed in chloroform (0.06% wt.) and they are synthesized in our lab [4] . The colloidal solutions were sprayed, as shown in Figure 2 , at a distance of 10 cm from the substrate while the pressure of the airstream was 150 kPa. The resulting surface, after all this treatment, exhibits a triple-scale roughness in micro-, submicron-and nano-scale. Moreover, the specific treatment induces significant changes in the surface chemistry, since the PTFE particles are well-known for their hydrophobic properties. The iron oxide NPs are also hydrophobic due to the oleic acid (OLAC) molecules that are used as surfactants [22] . Thus, the sprayed particles have a dual role in the system, which is to increase the hydrophobicity and also to change the roughness scale of the patterns. 
Characterization and discussion on the morphology and wetting behavior
In order to characterize the wetting properties of the samples, APCA and tilting angle measurements were taken using a KSVCAM200 contact angle goniometer, Kruss, Germany. The area of the water drop (total drop volume: 10 μl) in contact with the surface was sufficient enough to experience the periodicity of the pattern. The tilting angle measurements were performed by recording the images of the droplets while the underlying substrates were inclined by a tilting base. All measurements were taken a few seconds after the placement of the water droplets.
Scanning electron micrographs were collected with a Nova NanoSEM200 scanning electron microscope (SEM) by FEI Instruments. Low-vacuum configuration was used with a chamber pressure of 0.3 mbar. To decrease the charging effects on the surface of the samples, a flux of water vapor was injected in the chamber. In Figure 3 we present the SEM images of the SU-8 micro-pillars with the different coatings, in high and low resolution, together with the corresponding APCAs. Low-magnification tilted-view SEM images of (a) SU-8 micro-pillars, (b) SU-8 micro-pillars with PTFE sub-micrometer particles sprayed, (c) SU-8 micro-pillars with iron oxide NPs sprayed as a second layer, on top of the already sprayed PTFE sub-micrometer particles. Insets: the APCA of the surface in each case. In (d), (e) and (f) they are presented high-magnification top-view images of the surface of each micro-pillar corresponding to (a), (b) and (c) respectively [4] .
As shown in Figure 3 , the initial SU-8 uncoated pattern displays an APCA of 131°±7° ( Figure  3a and d) , significantly higher compared to the APCA measured on the corresponding flat SU-8 surface, (82°±2°). Moreover, this pattern is highly adhesive to water since the droplets stay on the substrate even for 180° tilt. When the PTFE sub-micrometer particles are sprayed on the pillars, the morphology of their surface changes dramatically (Figure 3b and e) . In fact, the pillars retain their micro-scale geometrical characteristics, but on top they exhibit sub-micrometer roughness due to the presence of the PTFE particles. The combination of the micro/ submicron roughness with the well-known water-repellent properties of the PTFE makes the patterned surfaces superhydrophobic and self-cleaning with an APCA of 169°±2° and sliding angle ≤1°. In fact, in the absence of the micro-roughness, e.g. at the flat SU-8 surface coated with PTFE particles, the APCA is lower (159°±8°) while the sliding angle ≤ 10°, demonstrating the importance of the micro-patterning.
By using the PTFE-sprayed micro-pillars as a substrate for the successive spraying of a coating of iron oxide NPs, surfaces with micro-, submicron-and nano-roughness can be obtained (SEM images of Figure 3c and f). The underlying PTFE particles seem to be fully covered by the iron oxide NPs. The latter do not appear well separated but rather as a homogeneous coating. After this coating the APCA remains superhydrophobic (151°±6°) (APCA of the flat surface 140°± 10°) but on the other hand the water adhesion is dramatically increased. Indeed the substrates become "sticky" even for 180° substrate tilt angles ( Figure 4 ). Such type of surfaces, that have a very high APCA while at the same time exhibit very high adhesion to water, can be designated as "sticky superhydrophobic" surfaces [23, 24] . This state has been also reported as "petal effect" in some part of the literature [25, 26] . To explain the abovementioned results we will compare them with the well-known CassieBaxters' theoretical model [27] . The Cassie-Baxter model is generally applied to predict the APCA on a rough hydrophobic surface and it particularly assumes that a water droplet can wet a surface only partially, due to the trapping of air pockets underneath the droplet at the recessed regions of the surfaces. For such hierarchical surfaces, like the ones fabricated, the water contact angle (WCA) predicted from the Cassie-Baxters' model can be extracted by the following equations [28] :
where f s is the fraction of the solid surface in contact with the droplet and θ Υ is the Young's angle, i.e., the contact angle of the droplet on the corresponding flat surface with the same chemical characteristics. α is the width of the pillars (α=42 μm) and b is the spacing (b=28 μm) between the pillars. The predicted WCA values from Equation (1) As shown in Table 1 , the Cassie-Baxter model predictions match with the values obtained experimentally. This means that the droplets rest on a surface containing air pockets. However, in terms of water adhesion, the highly sticky uncoated patterns are converted to non adhesive after the application of the PTFE coating. After the subsequent iron oxide coating the superhydrophobic patterns become again highly adhesive. Since the experimental values of all the three cases are in accordance with the Cassie-Baxter model, we must exclude the possibility that there is a complete wetting state (Wenzel) that would increase the water adhesion due to the pinning effects arising from the penetration of the droplet in the inter-pillar spacing. Instead, the capillary effects seem to occur in the upper part of the pillars and are provoked by the final nano-rough coating layer of iron oxide, while the inter-pillar spacing continues to be filled with air. In fact, similar studies that describe such a pinning state occurring in nanorough hierarchical surfaces have already been published [29] [30] [31] . These works present composite micro-and nano-rough systems where the pinning effects take place only in the nano-rough surface while in the micro-scale the wetting state obeys the Cassie-Baxter model.
In summary, after the coating of iron oxide NPs it is possible to fabricate triple-scale rough superhydrophobic surfaces with high water adhesion, and on the other hand it is possible to obtain dual-scale rough SU-8/PTFE coated superhydrophobic surfaces with ultralow adhesion. If an additional layer of PTFE particles is applied on top of the iron oxide coating, the low adhesion state can be recovered again. In such a manner, with successive spray coatings, of PTFE and iron oxide particles, one can obtain surfaces with alternating water adhesion properties on superhydrophobic layers.
Laser micromachining and triboelectric deposition
Laser micromachining is a term that includes a variety of processes including hole drilling, ablation, milling, and cutting of soft or hard materials using laser light sources. Specifically laser ablation, is a technique where a focused pulsed laser beam is used in order to remove material from a solid target [32] and thus to modify the morphological features of its surface. In fact, the high energy flux of the pulsed laser beam focused on the target results in the photon absorption by the electrons of the system and in the electrostatic instability of the lattice ions. As a consequence the ejection of the interacting material is induced in the form of plasma and hence the ablation leaves a void in the laser focus region. This lithographic technique is nowadays used widely in the industry for the fabrication of MEMS/NEMS, CMOS, 3D-microstructures, micro-trenches, micro-channels, micro-holes, sub-micrometer gratings, nanophotonics and surfaces dedicated to bacterial activity [33, 34] . Laser ablation, apart from the microstructuring of surfaces, has also been used alternatively as a technique to produce NPs by irradiating solid targets [35] . Its main advantages when compared with other lithography techniques are the fast material processing speed, large scan area and single-step capability. Compared to the previous lithography technique described before (UV lithography), this one requires less processing steps and also the use of chemicals is much more limited. However it cannot form ordered and well controlled micron sized features. Nevertheless the laser ablation technique is able to induce roughness on a surface, and subsequently modify its wetting characteristics.
Triboelectric particle deposition is a coating technique based on the physical phenomenon of frictional (or contact) charging of dissimilar materials [36, 37] . In other words, during contact, certain materials become electrically charged when they come in contact with another material through friction. It is possible to deposit small polymer particles on a surface by sandwiching them between two surfaces and rub them against one another. In this way, a uniform coating can be obtained on one of the surfaces due to the self-assembly of the particles that they are attracted with electrical forces. The main advantage of this coating method is that it is a dry technique, based on physical concepts and does not require the use of hazardous chemicals.
The laser micromachining can be combined with the triboelectric deposition in order to fabricate surfaces with different roughness scales and different wetting properties [5] . The roughness parameters of the fabricated surfaces can be controlled by tuning the laser parameters such as laser power and focal length, and also by changing the amount of particles deposited during the coating. Both of these techniques are efficient and rapid, and for these reasons their combination can be a potential industrial method for fabricating coatings with special wetting properties.
Fabrication process and materials
The substrates used in this study are commercial standard silicon wafers (one side polished) having natural oxide surface layers. Both polished and unpolished sides of the wafers were used for laser micromachining. In particular a UV nanosecond laser beam was focused using a cylindrical lens with a focal length of 75 mm. The laser fluencies tested were ranging from 0.5 up to 2 J/cm 2 . During the ablation process the silicon wafers were stored in liquid bath of methanol or distilled water with 5 mm of liquid covering their surface. The wafers were moved in precise small steps with an x-y translation stage until a textured surface region of approximately 1 cm 2 was obtained. In Figure 5 there is a schematic representation of the laser micromachining setup. After the ablation, the wafers were removed from the liquid baths and left to dry under ambient conditions.
Apart from the textured silicon wafers, as substrates, we also used various micro-textured silicon SiC surfaces. Typical sandpapers of 600, 800 and 1200 grit sized were used. For the coating of the textured silicon wafers, as discussed in Chapter 2, sub-micrometer PTFE particles were used. Certain amount of PTFE powder was spread over commercial Scotch Brite (3M) medium duty cellulosic foam with dimensions 15 cm × 9 cm × 2 cm. A metal rod was used to rub the PTFE powder on the foam surface for a few minutes, in order to spread it uniformly. Subsequently, the foam was continuously rubbed against the textured silicon surfaces in circular motion for a few minutes. At the end of this process, almost all the PTFE particles were transferred to the textured silicon surface forming a thin PTFE layer. It was found that the PTFE particles were strongly attached onto the laser-formed structures, since the post treatment (immersion in different solvents such as acetone, toluene, methanol or chloroform) did not cause particle removal from the surfaces. Figure 6 shows a sketch illustrating the basic steps followed for the triboelectric deposition of the PTFE particles.
A slightly different coating approach was used to apply the PTFE coating on the SiC sandpapers. The PTFE powder was directly deposited on the sandpapers and a cellulosic foam was rubbed over the surfaces directly, for a few minutes, to spread the PTFE particles over the rough surface.
Characterization, results and discussion
The morphology of the laser-textured surfaces was inspected with SEM. Figure 7 shows the SEM images of the laser patterned surfaces obtained on the polished surface of a silicon wafer. Densely packed pyramid-like roughness features (pillars with density of 0,8 pillar/μm) of the order of 2 μm in size were produced on the surface.
The topography of the textured surfaces was further examined by means of AFM. In general, scan sizes ranging between 5 and 20 μm, were used with simultaneous acquisition of topography, height, error and phase images. A Park Systems XE-100 AFM was used in non-contact mode with a silicon cantilever. An adaptive scan rate between 0.15 Hz and 0.25 Hz was utilized for all samples. In Figure 8 topographical and error signal images of the textured surfaces described above are shown. To acquire a high quality AFM image of a surface with micrometer features, the deflection (or amplitude) signals (which represent the error signals) have to be minimized. If these signals are minimum, the error images obtained during scanning should look identical to the topographical features. 'Topography' images are generated by displaying the changes in the Z direction of the piezoelectric scanner required to restore the deflection of the cantilever to its predefined set point at each image point. Displaying the transient deviations of the cantilever away from the set point as the tip encounters features during scanning generates the 'error signal' image. It effectively represents a differential of the topography image, since it accentuates sharp turning points in the sample topography (high frequency information) at the expense of smooth slowly undulating areas (low frequency information). Indeed, both the topographical and the error signal images in Figure 8 match perfectly, indicating that there exist no additional phases or impurities on the laser textured surface as a result of the laser exposure. Moreover, from these images, it is seen that the surface topography is made up of collective pyramidal structures which probably were carved out of larger surface bumps during laser ablation. In Figure 9 it is presented a high magnification AFM topography signal of the patterned surface corresponding to Figure 8 . In this image the morphology of the pyramid-like roughness can be seen in detail. These textured surfaces were realized with a UV nanosecond laser working with a laser fluence of 1 J/cm 2 .
From the abovementioned images it can be concluded that four pyramid-like roughness features are packed into a 25 μm 2 silicon surface. Also the base of the pyramids is made up of a layered structure, most probably originating from the laser induced melting-solidification cycles [34] . Roughness analysis indicates that the base of the pyramids is about 2 μm wide and the top is 0.5 μm wide. The size, depth and the distribution of the resultant protruding features, strongly depends on the laser parameters (beam energy and focus spot area). In this case, the samples were prepared by irradiating the wafers with a line focused beam of about 20 mm in length and 0.2 mm in width while rotating the wafer. The line focus is set radially; starting Figure 7 . SEM images of low magnification (top) and high magnification (bottom) from a laser-ablated area on a silicon wafer. Closely packed pyramid-like roughness features of average size of 2 μm can be distinguished [5] .
slightly from the center of the wafer, thus the actual shot dose (i.e. number of laser shots per unit surface area) is changing along the radius.
For the wetting characterization of the surfaces we used the same systems as described in Chapter 2. For water droplet adhesion measurements we used the following method: a water droplet is placed on the surface examined and then, the surface is slowly tilted while a CCD camera captures the changes in the droplet's shape. In the last recorded image, before the droplet's base starts to move, the advancing θ Α and receding θ B APCA are measured. The difference of the advancing and receding APCA is the CAH. The standard deviation in all the measurements is ±3°. The surfaces of the ablated silicon shown in the Figures 7, 8 and 9 are superhydrophilic. Finite APCAs could not be measured on these surfaces since the water droplets that are placed are completely spread on them after a few seconds from the deposition. For practical purposes an APCA of 0° is assigned.
When PTFE particles are adhered to the laser-formed asperities of the surface by the triboelectric deposition method, the surface morphology and the wetting characteristics of the original surface change drastically. Two main factors were found to influence the final wetting properties of the composite surface. These are the substrate micro-roughness and the amount of the PTFE sub-micrometer particles that are adhered on it. In Figure 10 , two 3D AFM topographic images of an untreated laser textured surface and a triboelectrically deposited PTFE surface on top of the textured surface are presented. The composite hydrophobic surface in Figure 10b displayed an APCA of 135° with CAH of 25°.
The contact angle of a smooth PTFE surface is around 110°. In this case, due to the underlying roughness the APCA is exceeding this value. Detailed APCA and CAH measurements showed that laser-textured silicon surfaces having an average roughness of ~ 5 μm do not become superhydrophobic (APCA > 150°) when coated with triboelectrically charged PTFE particles. The composite hydrophobic surfaces obtained in this way showed relatively high CAH compared to a self-cleaning superhydrophobic surface (CAH < 10°). In average, the CAH obtained was 35°. In Figure 11 , detailed APCA and CAH are presented for textured surfaces coated with PTFE. Four different textured surfaces were used as substrates, as a result of the four different laser fluencies that were used for their irradiation (0.5, 1.0, 1.5, and 2.0 J/cm 2 ). 
Updates in Advanced Lithography
Within the range of the laser fluencies that were studied, no major changes in the roughness of the silicon wafer were observed. However, the shape of the individual pyramid like microstructures could be modified without this having an effect on the final wetting properties of the PTFE coated surfaces. As seen in Figure 11 , APCAs center around 130° and CAH around 35° for all the surfaces prepared. Although these surfaces cannot be considered superhydrophobic self-cleaning surfaces, water droplets exhibit quite low water adhesion on them and relatively high hydrophobicity. These wetting characteristics outperform certain hydrophobic polymers such as smooth PTFE or poly(dimethyl siloxane) (PDMS).
The four different laser fluencies that were used showed almost identical hydrophobicity. The main reason for this is attributed to the fact that the triboelectric coating creates 1.5 μm thick PTFE films. Therefore, the realization of a conformal superhydrophobic coating was not possible with the resultant silicon wafer surface roughness which was ranging from 2 to 5 μm. In order to circumvent this problem, SiC sandpapers were used of various grit sizes to analyze the effect of surface-microtexture on the degree of final hydrophobicity as a result of triboelectric PTFE deposition. Figure 12 shows that by tailoring the amount of PTFE adhered per unit area, surface hydrophobicity can be tuned from hydrophobic to self-cleaning superhydrophobic as a function of the surface micro-roughness. In general, for micro-rough surfaces up to 60 μm surface roughness, less than 1.5 mg/cm 2 PTFE attachment is enough to render them superhydrophobic. The rectangular region in Figure 12 indicates the roughness range which could be created by the UV laser micromachining of the silicon wafers. Figure 13 shows measured APCA and CAH as a function of the PTFE quantity deposited on a sandpaper of an average roughness of 16 μm. The best results (APCA > 155° and CAH < 20°) are obtained when the mass of PTFE deposited per surface area is approximately 0.5-0.7 mg/cm 2 . A similar analysis on the laser-microtextured silicon wafer shows that much less amount of PTFE per unit area (0.05-0.15 mg/cm 2 ) is necessary to render the surface hydrophobic (Figure 14) . In the case of the laser-textured silicon wafers, the amount of PTFE deposited is not affecting the Finally, in Figure 15 , it is shown a photograph of a sandpaper (600 grit, average roughness: 26 μm). A part of which was coated with the triboelectric PTFE deposition and the other was left untreated. The red line in the photo shows the boarders between the treated and untreated region. As it can be observed, the untreated region is completely wet whereas in the treated region the droplets are in a superhydrophobic state.
Conclusions
In this work, we demonstrated two different lithography techniques, each one in combination with a different coating method. The purpose of these two fabrication processes is to obtain surfaces with large areas exhibiting special wetting characteristics with a simple, efficient, repeatable and economical strategy. The first process consists of the fabrication of SU-8 micropillar patterns on silicon by means of UV lithography. The patterns are subsequently coated by spraying particles which induce different roughness scales (submicrometer roughness with PTFE and nano-roughness with iron oxide). The substrates, starting from "sticky" hydrophobic (SU-8 uncoated patterned surfaces), by the application of the proper particles, can be converted to superhydrophobic surfaces with ultrahigh or ultralow water adhesion. The second process combines the laser micromachining of silicon wafers with the coating method of triboelectric deposition of charged PTFE submicrometer particles. This green solvent-free fabrication method results in surfaces with dual scale roughness (in micro-and nano-scale). These surfaces, upon the coating application are converted from superhydrophilic to hydrophobic (APCA = 130°) with low water adhesion (CAH ~ 35°). If instead of the silicon wafers are used SiC sandpapers with various grit sizes, then after the triboelectric deposition of PTFE the surfaces become superhydrophobic. The methods described here can find application in the development of microfluidic devices, smart surfaces, biotechnological materials and generally in all kinds of applications that special wetting properties and controllable roughness is required.
